Although tumour suppressor gene hypermethylation is a universal feature of cancer cells, little is known about the necessary molecular triggers. Here, we show that Wilms' tumour 1 (WT1), a developmental master regulator that can also act as a tumour suppressor or oncoprotein, transcriptionally regulates the de novo DNA methyltransferase 3A (DNMT3A) and that cellular WT1 levels can influence DNA methylation of gene promoters genome-wide. Specifically, we demonstrate that depletion of WT1 by short-interfering RNAs leads to reduced DNMT3A in Wilms' tumour cells and human embryonal kidney-derived cell lines. Chromatin immunoprecipitation assays demonstrate WT1 recruitment to the DNMT3A promoter region and reporter assays confirm that WT1 directly transactivates DNMT3A expression. Consistent with this regulatory role, immunohistochemical analysis shows co-expression of WT1 and DNMT3A proteins in nuclei of blastemal cells in human fetal kidney and Wilms' tumours. Using genome-wide promoter methylation arrays, we show that human embryonal kidney cells over-expressing WT1 acquire DNA methylation changes at specific gene promoters where DNMT3A recruitment is increased, with hypermethylation being associated with silencing of gene expression. Elevated DNMT3A is also demonstrated at hypermethylated genes in Wilms' tumour cells, including a region of long-range epigenetic silencing. Finally, we show that depletion of WT1 in Wilms' tumour cells can lead to reactivation of gene expression from methylated promoters, such as TGFB2, a key modulator of epithelial -mesenchymal transitions. Collectively, our work defines a new regulatory modality for WT1 involving elicitation of epigenetic alterations which is most likely crucial to its functions in development and disease.
INTRODUCTION
Normal development requires stringently regulated epigenetic programming that controls stage and cell-specific gene expression. In cancer, erroneous epigenetic programming can deregulate expression of genes encoding key growth regulators and give rise to cells 'locked-in' to a stem-cell like state resistant to normal growth and apoptotic signals (1) . Two fundamental questions for epigenetic regulation are: (i) how is the epigenetic machinery (de)regulated, and (ii) how might individual genes selected for modulation? There is emerging evidence that developmental transcription factors modulate epigenetic marks such as DNA methylation by directing DNA methyltransferases (DNMTs) to specific gene promoters and also by transcriptionally regulating expression of DNMTs. Examples include gene repression resulting from MYC through its protein -protein interaction with DNA methyltransferase 3A (DNMT3A) (2), STAT3 via DNMT1 protein interaction and DNMT1 transactivation (3, 4) and DAXX via DNMT1 interaction and DNMT1 transactivation (5) . With † Present address: The Central Laboratory, Nanshan People's Hospital, Guangdong Medical College, Shenzhen, Guangdong 518052, China. * To whom correspondence should be addressed at: Cancer Epigenetics Laboratory (CEL), School of Cellular and Molecular Medicine, University of Bristol, Bristol BS8 1TD, UK. Tel: +44 1173312078; Fax: +44 1173312091; Email: k.t.a.malik@bristol.ac.uk regard to control of de novo DNMTs, HOXB3 in humans (6) , and Vezf1 in mice (7) , have both been shown to transactivate DNMT3B (6,7); notably, however, little is known about the regulation of DNMT3A.
Studies in Wt1-targetted mice have shown that Wt1 is essential for the normal development of the kidney and urogenital system, mesothelium, heart and lungs, with homozygous wt1 deletion being embryonically lethal as a result of developmental failure (8) . WT1 is also important in the development of other tissues, such as the liver, retina and in sex determination (9) (10) (11) and in regulating epithelial-mesenchymal transitions (EMT) (12) . The involvement of WT1 in carcinogenesis is underlined by the mutation of the gene in 10% of Wilms' tumours (WTs) (13) and acute myeloid leukaemias (14) , suggesting tumour suppressor gene (TSG) function, but also by other tumours where WT1 is over-expressed, such as ovarian, lung and colorectal cancers (14) , gliomas (15) , melanomas (16) and hepatocellular carcinomas (17) . WT1 proteins are expressed as four main isoforms arising from two alternate splicing events, inclusion or exclusion of exon 5, encoding 17 amino acids and the insertion or exclusion of 3 amino acids (lysine-threonine-serine, KTS) between zinc fingers 3 and 4 (+KTS/2KTS isoforms). WT1 without either splice is commonly referred to as WT1-A, whereas WT1-B includes exon 5 amino-acids. Similarly WT1-C and WT1-D include +KTS, with WT1-C excluding exon 5 amino-acids and WT1-D including them. The -KTS isoforms have greater affinity for DNA, and their influence on differentiation and development is mediated via transcriptional activation and repression of downstream target genes. The +KTS isoforms exert a less well-characterized posttranscriptional regulatory influence through involvement in RNA metabolism (18) , but can also mediate some transcriptional control (19) . We also identified a genomically imprinted alternative WT1, AWT1, which retains WT1 exonic structure and splicing patterns from exons 2-10. AWT1 proteins are truncated by 147 amino acids at the amino-terminus relative to WT1. In most WTs, AWT1 displays relaxation of imprinting (20) .
Given the critical involvement of WT1 in development and disease, we hypothesized that WT1 may be involved in modulating epigenetic regulation. Recently, evidence for the developmental importance of Wt1-mediated epigenetic regulation has begun to emerge, with epicardial and renal cell-typespecific Wnt4 expression and chromatin states having been shown to be contingent on Wt1 (21) . Furthermore, the tumour suppressor menin was shown to epigenetically silence PAX2 expression through repressive protein complexes comprising WT1, DNMT1 and EZH2 (22) . In this study, we focus on examining whether epigenetic states are regulated by WT1 in a tumour cell context, and present data that demonstrate that WT1 directly regulates the de novo methytranferase DNMT3A (23) , and that cellular WT1 status influences genome-wide promoter methylation.
RESULTS

WT1 depletion alters the levels of de novo DNA methyltransferases
In order to investigate whether transcription of genes encoding epigenetic modifiers depends on WT1 levels, we transfected the WiT49 Wilms' tumour cell line with WT1-targeting shortinterfering RNA (siRNA) and analysed mRNA expression of genes encoding DNA and histone modifying proteins. A striking 6-fold reduction in DNMT3A mRNA was observed together with 4-fold reduction in DNMT3L which has been shown to stimulate DNMT3A de novo DNA methyltransferase activity (24) , although basal expression of DNMT3L, was much lower. In contrast to DNMT3A transcripts, DNMT1, DNMT3B and histone methyltransferases genes such as EZH2, EHMT1 and EHMT2 were not markedly affected by WT1 knockdown (Fig. 1A) .
Immunoblotting analysis of WiT49 cells with WT1 knockdown proteins showed robust and specific reduction in DNMT3A protein levels after WT1 knockdown, with little or no change of other epigenetic modifiers tested (Fig. 1B) . To exclude the possibility of off-target effects, a second WT1-targeting siRNA was also tested and also showed WT1-dependent reduction in DNMT3A (Supplementary Material, Fig. S1A ). We then evaluated whether cellular DNA methyltransferase enzymatic activity was affected by WT1 knockdown and found that WT1 depletion did indeed significantly reduce DNA methyltransferase activity (Fig. 1C) .
In order to further examine WT1-mediated regulation of DNMT3A in isogenic cell lines with low and high expression of WT1, we constructed human embryonal kidney (HEK293)-derived cell lines with inducible WT1-B (W203 and W210). We also cloned a vector control (IP100) and cell lines with inducible transgenes for the WT1-related transcription factor, EGR1 (E6) and a cell line with dual EGR1 and WT1 expression (EW41). In the absence of induction with doxycycline, WT1-B cell lines exhibited 'leaky' expression of the transgenes comparable with cells known to express physiologically high levels of WT1, such as the mouse metanephric mesenchyme line (M15) and WiT49 cells (Supplementary Material, Fig. S1B ). Immunoblotting of these independent clonal lines revealed that elevated basal WT1 in cell lines W203, W210 and EW41 was correlated with higher expression of DNMT3A protein, in contrast to the vector control IP100 cells and the EGR1 over-expressing E6 cells ( Fig. 2A) . As observed with WiT49 cells, when WT1 was knocked down in W210 cells, DNMT3A protein levels were greatly reduced whereas other epigenetic modifiers did not change significantly (Fig. 2B) . Cellular DNA methytransferase enzymatic activity was also concomitantly reduced (Fig. 2C) . Intron 1 of DNMT3A also contains a micro-RNA, miR-1301, whose expression was also decreased in both W210 and WiT49 cells following WT1 depletion (Supplementary Material, Fig. S1C ), suggesting that miR-1301 is regulated by the DNMT3A 5 ′ -promoter (see below). Together, these data demonstrate that DNMT3A RNA and protein levels are positively regulated by WT1 in heterologous cell systems.
WT1 directly activates DNMT3A transcription
We assessed whether DNMT3A may be a direct transcriptional target of WT1. The DNMT3A gene produces two main isoforms, DNMT3A1 and DNMT3A2 (25) , regulated by three different promoters (26) . Promoters 1 and 2 regulate DNMT3A1 transcripts with variant 5 ′ exons and produce proteins of 130 kDa. Promoter 3 regulates DNMT3A2 encoding an ES-cell-specific 100 kDa protein (Fig. 3A) . We conducted quantitative scanning chromatin immunoprecipitation (ChIP) assays to examine whether WT1 bound to the upstream and downstream DNMT3A promoter regions in WiT49 cells. As 
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shown in Figure 3B , WT1 was recruited at the 5 ′ -promoters, but not at the 3 ′ -promoter. Examination of the DNA sequence in this region revealed several high-affinity WT1 consensus sites, upstream and downstream of the transcriptional start sites (Supplementary Material, Fig. S2A ), similar to WT1-target gene requirements reported previously (27) . Consistent with the increased expression of DNMT3A in W210 cells relative to IP100 cells, WT1 recruitment in the 5 ′ -region was greatly elevated in W210 cells relative to IP100 cells (Fig. 3C ). We next co-transfected WiT49 cells with a DNMT3A 5 ′ -promoter reporter plasmid together with WT1-targeting siRNA. Knockdown led to decreased promoter activity, confirming positive regulation of 5 ′ -promoters by physiological WT1 levels. A similar result was shown in W210 cells (Fig. 3D) . In order to demonstrate that transactivation was dependent on DNA binding, we co-transfected the DNMT3A reporter together with expression constructs for WT1-B, a Denys-Drash mutant WT1 (R394W) and AWT1-B. Transactivation of the reporter was observed with WT1-B, but not with the DNA-binding impaired mutant WT1 or with AWT1-B (Fig. 3E) . Immunohistochemistry on Wilms' tumour sections demonstrated that WT1 and DNMT3A are co-expressed in the same cell type in vivo. Nuclear co-expression of WT1 and DNMT3A was observed in the blastemal cells of triphasic tumours, whereas the epithelial and stromal components showed little or no staining or weak cytoplasmic DNMT3A staining (Fig. 4) . Transcript levels for WT1 and DNMT3A in WTs with wild-type WT1 were also assessed and found to correlate significantly (R ¼ 0.74, P ¼ 0.002; Supplementary Material, Fig. S2B ). Taken together, these experiments demonstrate that DNMT3A is a target for direct transcriptional regulation by WT1, and suggest that genomic DNA methylation may, at least in part, depend on WT1.
WT1 status affects genome-wide promoter methylation
In order to evaluate whether DNA methylation is affected by the altered DNMT3A levels in WT1 over-expressing cells, we conducted genome-wide promoter methylation analysis of IP100 and W210 cell lines using methyl-cytosine immunoprecipitation-microarray analysis (MCIP-chip). We identified 68 genes that acquired methylation in W210 cells relative to IP100 cells, whereas 28 genes showed decreased methylation (Supplementary Material, Fig. S3A and Table S1 ). Using combined bisulphite and restriction analysis (COBRA), we validated gain of methylation in eight genes in W210 cells, including CDH9, ESR1, MLH1, SIM1 and TGFB2. Cells over-expressing the related transcription factors EGR1 and AWT1 did not consistently exhibit DNA methylation changes at the levels observed in WT1 overexpressing cells (Supplementary Material, Fig. S3B ).
Pyrosequencing of bisulphite-converted DNAs was then used for high-resolution quantitative analysis of DNA methylation changes at the MLH1, SIM1 and TGFB2 gene promoter regions. All three genes showed increased methylation in the WT1-expressing lines (W210, W203 and EW41) relative to the low expression lines, IP100 and E6 (Fig. 5A) . DNA hypermethylation was also confirmed by bisulphite sequencing of the ESR1 promoter (Supplementary Material, Fig. S3C ), where gain of methylation in the WT1 over-expressing cells coincided with a previously reported WT1-binding site (28) . Expression analysis of MLH1, SIM1 and TGFB2 demonstrated reduced transcription of all genes in WT1 over-expressing cells relative to vector-only IP100, EGR1-only E6 and AWT1-only TWI-3 cell lines (Fig. 5B) . We next analysed whether DNMT3A was increased at promoters exhibiting hypermethylation in W210 cells relative to IP100 cells. As shown in Figure 5C , MLH1 and TGFB2 promoters showed higher DNMT3A recruitment in W210 cells; SIM1, which is partially methylated in IP100 cells, maintained high levels of DNMT3A in both IP100 and W210 cells. The TAF7 gene, which encodes a basal transcription factor [TATA box-binding protein (TBP)-associated factor], showed low and unchanged DNMT3A at its promoter in both IP100 and W210 cells. WT1 recruitment at the methylated genes in W210 cells was not increased significantly compared with IP100 cells, in contrast to the elevated recruitment at the DNMT3A promoter (Fig. 3C) . Thus, promoters of specific genes in WT1-overexpressing HEK293 cells exhibit enhanced DNMT3A recruitment and acquire DNA methylation, leading to silencing of gene expression.
DNMT3A is associated with gene silencing in Wilms' tumour
DNMT3A has been shown to be over-expressed in many cancers, including bladder and kidney (29) , melanoma (30), ovarian cancer (31) and retinoblastoma (32) . Despite this, evidence for its recruitment to hypermethylated TSGs is restricted to a few examples, such as CDKN1A (2) and RASSF1 (33) . As it has also been shown that Dnmt3a can also facilitate gene transcription (34), we sought to establish the association of DNMT3A with gene silencing in Wilms' tumour cells. We therefore examined recruitment of DNMT3A across the protocadherin (PCDH) locus of long-range epigenetic silencing (LRES) in WiT49 cells, which we previously showed to encode tumour suppressor proteins in Wilms' tumour and colorectal cancer (35, 36) . DNMT3A binding was high within the LRES, but low proximal and distal to the LRES region, displaying a reciprocal pattern relative to histone 3 -lysine 4 dimethylation (H3K4me2), a marker for actively transcribed genes (Fig. 6A) . DNMT3A enrichment was also high at hypermethylated genes at non-LRES genes at other genomic loci, including SIM1 and RASSF1, and low at MLH1, the latter being unmethylated in WiT49 cells (Fig. 6B and Supplementary Material, Fig. S4A ). Knockdown of WT1 in WiT49 cells led to decreased DNMT3A binding at the methylated promoters, further re-enforcing the regulation of DNMT3A by WT1 (Fig. 6C) . DNMT3A is therefore implicated in TSG silencing, most likely in conjunction with other chromatin modifiers.
DNA methylation of genes with dense CpG island promoters and high DNA methylation such as SIM1 and RASSF1 was not altered by WT1 knockdown, and although changes in their expression levels were not detectable by QRT -PCR, endpoint PCR revealed derepression of SIM1 and RASSF1ex-pression (Supplementary Material, Fig. S4B and C) . Other genes such as CDH9 and PCDHGA12 could not be reactivated (data not shown). In the case of TGFB2 however, decreased methylation of the promoter was observed with bisulphite pyrosequencing in WT1 knockdown samples, and TGFB2 transcript levels were greatly elevated concomitant with methylation changes (Fig. 7A) . Demethylation of the TGFB2 promoter and its re-expression was evident with 5-aza-2-deoxycytidine treatment (Supplementary Material, Fig. S4D ). WiT49 cells treated with WT1 and DNMT3A siRNAs expressed .50-fold more FN1/fibronectin, a marker for mesenchymal cells arising from TGF-b induced epithelial-tomesenchymal transition (Fig. 7B) (37) . Treated cells also underwent profound morphological changes, acquiring a mesenchymal appearance (Fig. 7C ) Together, our data confirm that DNMT3A is associated with TSG silencing in cancer cells, and that WT1 depletion can trigger gene reactivation 
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DISCUSSION
While it is recognized that WT1 is crucially involved in the development of diverse tissue systems, and critical cellular processes requiring coordinated growth and differentiation control, such as EMT, angiogenesis, tumour suppression and oncogenesis, the mechanisms and intermediaries by which it exerts influence over the prerequisite complex gene expression programmes remain relatively obscure (18, 38) . Similarly, although DNA methyltransferases are frequently over-expressed in cancer (39) , thereby leading to tumour-suppressor gene hypermethylation (40) , little is known about the mechanisms by which DNMT deregulation occurs. In this study, we have shown that the de novo DNA methyltransferase DNMT3A is a potentially critical target gene for transcriptional regulation by WT1, and present strong evidence for WT1 overexpression triggering de novo methylation events.
Regulation of the de novo methyltransferases DNMT3A and DNMT3B by the general transcription factors Sp1 and Sp3 has previously been reported (41) , but in terms of cell-type specific or oncogenic transcription factors, evidence is restricted to HOXB3 (in humans) and Vezf1 (in mice) regulation of DNMT3B (6,7). Our finding that WT1 regulates DNMT3A is therefore of particular relevance to cancers where WT1 is over-expressed, and also to developmental lineages requiring WT1. Our studies of HEK293 model cell lines demonstrated very selective methylation of promoters and increased DNMT3A recruitment contingent on WT1. Of the 68 genes undergoing de novo DNA methylation in W210 cells, 32 were also methylated in WiT49 cells and 6 genes (ANKAR, BHLHB9, CDH9, HRH2, LIMCH1 and SIM1) exhibited hypermethylation when comparing WiT49 cells with fetal kidney MCIP-chip (data not shown); further genes with lower methylation levels in WiT49 cells such as TGFB2 may have been below the array detection threshold. The partial overlap of de novo methylation targets in W210 cells and WiT49 cells may be attributable to HEK293 cells representing cells of a neural lineage rather than embryonic kidney (42) . In contrast to increased DNMT3A promoter binding, WT1 recruitment at W210 methylated promoters was not higher in W210 cells compared with IP100 cells, suggesting that WT1 is not solely required for targeting of DNMT3A, although we cannot formally exclude this possibility as WT1 might vacate promoters which become methylated. Interestingly, CDH9 has been shown to be expressed in early kidney development and interstitial cells outlining the Bowman's capsule in normal adult kidney (43) , and SIM1 is also expressed in fetal kidney (44); thus epigenetic regulation through the WT1/DNMT3A axis may, by targeting genes such as CDH9 and SIM1, modulate cell differentiation during renal development.
Although the de novo DNMTs are presumptive oncogenes based on their ability to mediate TSG silencing, descriptive or functional data for DNMT3A oncogenicity are limited. Unlike Dnmt3a over-expression, Dnmt3b-mediated hypermethylation in an Apc Min/+ model of intestinal neoplasia was shown to increase tumour burden (45) . Furthermore, DNMT3A mutations found in acute myeloid leukaemia appear to decrease DNA methylation (46) , and Dnmt3a deletion in a mouse model of lung cancer led to increased tumour progression without affecting initiation (47) . This might support a TSG role for DNMT3A in certain cancers, although it is worth noting that DNMT3A expression in intestinal cancers appears to be relatively low (29) and that mir-1301, which we have shown is co-ordinately regulated by the 5 ′ -promoter, appears not to be conserved in mice. While the targets of this miRNA remain to be discovered, it is distinctly possible that they also will indirectly modify epigenetic states. Our data show a strong association between DNMT3A recruitment and TSG hypermethylation; DNMT3A was enriched on promoters of hypermethylated genes within the PCDH LRES and was absent from neighbouring unmethylated genes. Interestingly, the unmethylated genes appear to be protected from DNA hypermethylation by high H3K4me2 marking, which has recently been shown to possess limited ability to catalytically activate DNMT3A relative to unmethylated H3K4 (48) . The interplay of epigenetic modifiers and marks necessary for gene silencing is also alluded to by the resistance to re-expression following DNMT3A depletion exhibited by hypermethylated genes, similar to that demonstrated for EZH2 (49) . Notably, however, re-expression of SIM1 and RASSF1 could be triggered by WT1 knockdown in the absence of DNA methylation changes. We speculate that this may be attributable to the inhibition of reading DNA methylation by proteins such as the methylbinding domain inhibitor protein MBDin (50) , or through the methylation-independent, histone deacetylase-associated repressive ability of DNMT3A reported previously (51) . While DNA methylation is generally considered to 'lock' genes into a silenced state, it is clear from recent studies with histone deacetylase inhibitors that re-expression of silenced genes can occur without promoter hypermethylation being erased (52) . In contrast to SIM1 and RASSF1, a decrease in promoter methylation accompanying WT1/DNMT3A reduction was evident at TGFB2, this promoter exhibiting low-intermediate methylation in our and other analyses (53) . TGF-b signalling can profoundly enhance or repress cancer cell growth and is also known to drive EMT (54), as we observed in our experiments. With respect to Wilms' tumour, which is considered to arise from a differentiation block of blastemal cells, deregulated WT1/DNMT3A might disable the differentiation of blastemal cells into other components such as stromal cells by epigenetically curtailing TGFB2 expression and TGF-b-induced changes. Interestingly, stromal cells have been shown to express high levels of TGFB2 and its transcriptional regulator LBX1 (55, 56) , which binds the TGFB2 promoter in the region we have shown to undergo methylation. Although our studies have focussed on Wilms' tumour, they emphasize the need for further studies to examine the role of WT1/DNMT3A-mediated epigenetic regulation in broader cancer and developmental cell contexts where WT1 has been implicated in EMT such as mammary epithelial cells (57) and epicardial cells (12) .
Recent studies have implicated Wt1 in an 'epigenetic flipflop' at the Wnt4 locus during the control of cardiac and renal development (21) , and also in the complex containing Menin, EZH2 and DNMT1 which silences PAX2 expression (22) . Our study mechanistically defines DNMT3A as a critical epigenetic modifier downstream of WT1, and considerably expands the potential 'regulome' of WT1 given the diverse and complex roles recently ascribed to DNMT3A, including facilitating transcription of genes by non-promoter CpG island methylation (34) and also increasing gene transcription from certain promoters by actively demethylating DNA in complexes with thymine-DNA glycosylase (58, 59) . The multiple regulatory roles of DNMT3A are likely determined by diverse protein complexes and by chromatin modifications, and these may also influence the ability of WT1 to cascade signals to a variety of gene targets necessary for its pleiotropic regulatory effects. While the combined transcriptional, posttranscriptional and epigenetic regulatory roles of WT1 are complex, our studies underline the importance of further integrated analyses to extend the paradigm of epigenetic control by developmental transcription factors reported herein.
MATERIALS AND METHODS
Patient samples
All tissues were obtained as snap frozen samples from the Bristol Children's Hospital. Human fetal tissue samples were from 19 to 31 weeks of gestation. All human tissues were acquired with appropriate local research ethics committee approval.
Plasmids and short-interfering RNAs
WT1, AWT1 and EGR1 full-length cDNAs were amplified from human fetal kidney mRNA, verified by DNA sequencing and cloned into the pBIG-3i tetracycline inducible expression vector (60) . The R394W mutant WT1-B was made using sitedirected mutagenesis (Stratagene). The DNMT3A promoterluciferase plasmid was previously described (26) . siRNAs were transfected at a final concentration of 25 nM using DharmaFECT 1 (Thermo Scientific). Sequences of siRNAs used are given in Supplementary Material, Table S2 .
Cell culture, plasmids, transfections and reporter assays HEK293 cells (adenovirus transformed human embryonic kidney cells) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mmol/l L-glutamine, 0.1 mg/ml penicillin/streptomycin, at 378C under 5% CO 2 . WiT49 cells required 15% fetal calf serum, 6 ul/l b-mercaptoethanol and insulin -transferrin -selenium.
To generate stable cell lines, recombinants were transfected into HEK293 cell lines using Fugene 6 (Promega), and independent clones were selected using 100 ug/ml of Hygromycin B (Boehringer Mannheim). After verification, cell lines were maintained using 50 ug/ml of Hygromycin B. For transient transfections reporter activity assays, 10 5 cells/well were seeded in 24-well plates and 100 ng of reporter plasmids were co-transfected with 100 ng of expression plasmids with Fugene 6, or with 50 nM of siRNAs using DharmaFECT DUO (Thermo Scientific). Luciferase samples were assayed after 48 h using Dual-luciferase reporter kit (Promega) and a Modulus Luminometer (Turner Biosystems). Experiments were performed at least thrice in triplicate.
Methyl-CpG immunoprecipitation (MCIP) and ChIP
For enrichment of methylated DNA from IP100 and W210 cells, genomic DNAs were extracted and fragmented to a size range of 200 -500 bp using a Diagenode Bioruptor. Four micrograms of sonicated genomic DNA and purified recombinant methyl-CpG binding domain (MBD) protein (61) were incubated at 48C overnight in immunoprecipitation buffer, and then for a further 2 h with goat anti-mouse IgG magnetic beads (N.E. Biolabs). After purification, MCIP DNA was then sent to Nimblegen for labelling and hybridization to Nimblegen HG18 Refseq promoter arrays. Data were analysed using ChipMonk v1.2.1 tiling array analysis software (http://www.bioinformatics.bbsrc.ac.uk/projects/chipmonk). To identify hypermethylated CGIs, a log2ratio cut-off of 1.5 and a window of 500 bp were used to carry out the replicate t-test (P , 0.05) on probes within 200 bp of predicted CpG islands (http://genome.ucsc.edu). Additional statistical analysis was carried out using R (http://www.r-project.org/). The array data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database (http://www. ncbi.nlm.nih.gov/geo) under accession number GSE39713.
Chromatin for WT1 and DNMT3A recruitment analysis was prepared using the Magna ChIP Kit (Millipore). Antibodies used were anti-WT1 (S. Roberts) and anti-DNMT3A (Sigma). Quantification using real-time PCR was carried out as described previously (35) . Primer sequences are available in Supplementary Material, Table S2 .
Methylation and expression analysis
DNA was sodium bisulphite converted using the EZ DNA Methylation-Gold Kit (Zymo Research, CA, USA). Amplicons for COBRA and bisulphite pyrosequencing were made using the Hot Start Red Taq PCR system (Sigma). Bisulphite pyrosequencing and quantitative real-time RT -PCR was performed as previously described (36) . The pyrosequencing assay for TGFB2 was purchased from Qiagen. MicroRNA was assayed using ABI TaqManw MicroRNA Assays for has-miR-1301 (ID #2827) and has-RNU6B (ID #1093) as a control. The TaqManw MicroRNA RT kit was used to perform the reverse transcription according to the manufacturer's instructions with 20 ng RNA for each reverse transcription reaction. Primers and restriction assays are available in Supplementary Material, Table S2 .
DNA methyltransferase enzymatic activity was assayed using the EpiQuik DNA Methyltransferase (DNMT) Activity Kit (Epigentek).
Immunoblotting and immunohistochemistry
Protein extraction and immunoblotting were carried out essentially as previously described (35) . Primary antibodies used were DNMT3A (Cell Signalling), WT1 (Abcam) and b-actin (Sigma).
For immunohistochemistry, 2 mm sections of tissue were fixed for 24 h in 10% neutral buffered formaldehyde. Immunohistochemistry was performed with a Leica Microsystem Bond III automated machine using the Bond Polymer Refine Detection Kit (Ref DS9800) followed by Bond Dab Enhancer (Ref AR9432). The slides were dewaxed with Bond Dewax Solution (Ref AR9222). Heat-mediated antigen retrieval was performed using Bond Epitope Retrieval Solution (2) for 30 min (WT1) and 20 min (DNMT3A). Primary antibody dilutions were 1:100 for WT1 (6FH2, Dako), and 1:250 for DNMT3A (H-295, Santa Cruz). Three fetal kidneys and five triphasic Wilms' tumours were assessed and gave similar staining patterns. Negative control sections omitted the primary antibody (Supplementary Material, Fig. S2C ).
